The activities of prokaryotes are pivotal in shaping the environment, and at the same time are greatly influenced by the environment. By using the genomic data and environmental descriptions of the complete prokaryotic genomes in NCBI's Microbial Genome Project Database and applying statistical methods, we have identified in a systematic manner those gene groups whose presence/frequency patterns are different for organisms of different environmental conditions. Here environmental conditions are characterized in four dimensions -salinity, oxygen requirement, habitat and temperature, and are based on the controlled vocabularies that NCBI's Microbial Genome Project database uses to specify the organism information; and, gene groups are determined as Clusters of Orthologous Groups (COG) and KEGG Orthology (KO) groups. These identified COG and KO groups are considered as potentially correlated with certain environmental conditions, and are then mapped to the COG general categories and KEGG pathways to determine which part of the functional machinery of prokaryotic cells are correlated with the environments. The observations derived from the analysis of the COG and KO groups that are potentially correlated with the oxygen requirement and habitat conditions are in general consistent with existing studies on properties of organisms living in different conditions of these two environmental factors. To further assess the identified correlation relationships, we have also examined whether the environmental conditions are predictable based on the gene distributions in the selected COG and KO groups. The misclassification rates of the prediction experiments are much smaller than that rendered by random guessing, indicating the existence of the correlation relationships between organisms' environmental conditions and gene distributions in certain functional groups. However, the rather moderate misclassification rates (the 25-and 75-percentiles of the misclassification rates of all prediction experiments are 16.79% and 24.06%, respectively) also indicate that the correlation relationships between environmental conditions and gene distributions in certain functional groups are not strong enough for one to decisively define the other.
Introduction
There are countless ways in which prokaryotes influence our daily life, for instance, mediating the chemical cycles that convert key elements of life into biologically accessible forms, making certain nutrients/metals/vitamins available to their biological hosts, and breaking down hydrocarbons and treating crude oil leakages. On the other hand, the environment is pivotal in shaping and maintaining the morphological, biochemical and behavioral diversities of prokaryotes. For example, for bacteria living solely in eukaryotic cells, their obligate intracellular lifestyle renders that some genes are expendable and results in genome shrinkage; whereas, for bacteria living in soil, their genomes usually harbor functions that are necessary to survive in rigid environments (e.g., suboptimal temperatures, drought or excess of water, acidity).
The importance of studying genomes in ecological contexts has been recognized by the community. This has led to substantial progresses in multiple enabling fields. Environment Ontology (EnvO) and Habitat-Lite [1] have been proposed to be used for standardizing environment descriptions, and to be incorporated into the standard descriptions of genomes [2] . On the other hand, the reduced cost of DNA sequencing and world-wide sequencing efforts have made available sequences of ∼1,000 complete and ∼ 2,000 in-progress prokaryotic genomes as well as dozens of metagenomes. With the wealth of genomic/metagenomic sequences and about-tobe-standardized ecological context information, the combination of comparative genomics and association analysis has the potential to illuminate how environments have shaped and maintained prokaryotic diversity. We here summarize some of these environment-centric comparative genomic studies as below. Bohlin et al. analyzed the genome composition and demonstrated that oligonucleotide usage varied more for host-associated than for free-living bacteria [3] . Paul et al. discovered distinctive genomic and proteomic signatures in halophiles that are independent of their GC-content or phylogenetic origins. These signatures include, for example, (i) over-representations of certain amino acids while underrepresentations of some other amino acids, (ii) lower propensities for the helix while higher propensities for the coil structure, and (iii) dinucleotide abundance and synonymous codon usage preference patterns that are not species-specific but salt adaptation-specific [4] . It was also suggested that the amount and source of horizontal gene transfer is linked to an organism's lifestyle. For instance, hyperthermophilic bacteria have exchanged genes with archaea to a greater extent than other bacteria; and transfer of certain classes of eukaryotic genes is more common in parasitic and symbiotic bacteria than other bacteria [5] . Evidence has shown that the genome size and gene content in bacteria are associated with their lifestyles. For example, species with larger genome size are more metabolically versatile, able to exploit a larger number of ecological niches and exhibit larger intraspecies differences; host-associated bacteria typically have a smaller genome size and fewer genes [6] , particularly fewer ribosomal RNA genes, more split ribosomal RNA operons and fewer transcriptional regulators [7] ; and, mutualistic bacteria have significantly more genes that enable nutrient provisioning, whereas parasitic bacteria have more genes of secretion systems [7] . Suen et al. used the distribution of protein domains in various Pfam families to classify prokaryotes, and compared this classification result against the 16 S rRNA-based phylogenetic map. The comparison revealed that the prokaryotic organisms occupying the same ecological niche tend to possess a similar genetic repertoire due to the evolutionary pressure exerted by the ecological niche [8] . Borenstein et al. ' s study revealed that the size and composition of the seed set (the set of compounds that are acquired exogenously) of prokaryotes are significantly correlated with their living environments. Specifically, organisms living in extreme and narrowly defined habitats (e.g., obligate intracellular parasites) tend to have smaller networks and smaller seed sets; specialized species living in a highly predictable environment (e.g., marine thermal vents) tend to have fewer occurring compounds in their networks and require a smaller fraction of these compounds as seeds than those living in multiple habitats; and, the fraction of compounds in the seed set is highly correlated with the ratio of the number of transcription factors to the genome size and subsequently the habitat variability [9] . Parter et al. ' s study showed that the variability level of the environment correlates with the modularity of the organism's metabolic network -the more variable the environment, the more modular the metabolic network [10] . Similar analysis has also been applied to metagenomes sampled from different ecological contexts. Comparisons of microbial communities sampled from soil, deep-sea whale fall carcasses, and Sargasso Sea surface waters identified genes and functional modules linked with particular lifestyles. For example, cellobiose phosphorylase, which is essential for degrading plant materials, is substantially enriched in the soil sample but is absent from other samples; light-driven proton pump bacteriorhodopsin is present in the Sargasso Sea surface water samples but is absent from deep sea or soil samples; organic osmolite transporters and oxidative physphorylation-related sodium ion exporters are strongly enriched in both deep sea and sea surface water samples; and, genes involved in potassium channeling and antibiotic biosynthesis are enriched in the soil sample [11] .
In this paper, we focus on the environment versus gene distributions in various functional groups. By using complete prokaryotic genomes in NCBI's Microbial Genome Project Database, we examine whether gene distributions in various functional groups are correlated with environmental conditions. Here environmental conditions are based on the controlled vocabularies that NCBI's Microbial Genome Project Database uses to specify the organism information, and are characterized in four dimensions -salinity, oxygen requirement, habitat and temperature; and, gene functional groups are determined as Clusters of Orthologous Groups (COG) [12] and KEGG Orthology (KO) groups [13] . Through statistical tests, we identify COG and KO groups of which the gene distributions exhibit different patterns for pair-wise comparisons of environmental conditions. These COG and KO groups are considered as potentially correlated with certain environmental conditions, and are then mapped to the COG general categories [12, 14] and KEGG pathways [13, 15] to determine which part of the functional machinery of prokaryotic cells are correlated with the environments. To further assess the identified correlation relationships, we also examine whether the environmental conditions are predictable based on the gene distributions in the selected COG and KO groups.
A similar approach, based on the gene distributions in COG general categories, was used in [6] to investigate the correlation relationships between the genome size and gene content. As briefed earlier and detailed in the following sections, our study is different in that (i) our goal is to discover the relationships between genomic features and environmental conditions (rather than the relationships between different genomic features), (ii) we examine gene distributions in COG (as well as KO) groups, which are at a more specific level than COG general categories, and (iii) we use COG general categories (as well as KO pathways) as the reference system to determine the cellular machinery potentially under the environmental impacts. The novelty of the reported study also lies in that with the application of statistical methods we are able to examine the genome-environment correlation relationships for hundreds of prokaryotic organisms in a systematic manner.
Methods

Data Collection
The 939 complete prokaryotic genomes, including 64 archaea and 875 bacteria, that are publicly available at the NCBI Microbial Genome Project Database (as of August 2009, ftp://ftp.ncbi.nih.gov/genomes/ Bacteria/) were used for the reported study.
Numerous physiological features associated with each prokaryotic organism, including the gram stain, shape, arrangement, endospores, motility, salinity, oxygen requirement, habitat, organisms that this prokaryote is pathogenic in, and the related disease, are described in the database. We were particularly interested in the features regarding the salinity, oxygen requirement, habitat and temperature range, because (i) these features characterize the basic environment that an organism prefers or has been found to live in, and (ii) they can be specified by using controlled vocabularies. Specifically, salinity refers to the percentage of salt as sodium chloride equivalent in the growth medium, and is specified by four terms -non-halophilic, mesophilic, moderate halophile, and extreme halophile. Oxygen requirement refers to the ability of the organism to live at various levels of oxygen, and is specified by four terms -aerobic, microaerophilic, facultative, and anaerobic. Habitat refers to the basic environments where the organism is found, and is specified by five terms -host-associated, aquatic, terrestrial, specialized, and multiple. And, temperature refers to the basic category of temperature range the organism grows at, and is specified by five terms -cryophilic, psychrophilic, mesophilic, thermophilic, and hyperthermophilic. Though characterizations of these features may not be adequate to serve as the definitive guide to prokaryotic differentiation, they have been used for the association analysis of the environmental variability and the metabolic network modularity of prokaryotes [10] , and for the identification of genomic features that transcend phylogenetic boundaries but are more related to environmental factors [3, 5, 7] .
The functional potentiality of an organism is determined by its genome, and is reflected at multiple levels that range from the individual gene perspective to the biological network perspective. For example, we can utilize the information regarding gene content (i.e., what functional categories are contained), how genes are arranged on the chromosomes/ plasmids and organized into functional units (e.g., operons and regulons), and certain pathways properties (e.g., topological structures, and the seed sets) to characterize the functional potentialities of organisms. This multi-level view is very much like the KEGG Pathway Database's multilevel scheme (orthologous groups, functional modules, pathways, and networks) for gene functional analysis [16] . For the reported study, we focused at the individual gene level, and examined for each organism how genes are distributed in various functional categories. Two gene functional annotation systems, Clusters of Orthologous Groups (COG) [12] and KEGG Orthology (KO) [13] , were used to define functional categories (see Table 1 ). Both COG and KO annotations are primarily based on the sequence similarity of proteins, but are obtained through different approaches. The COG system mainly relies on automatic prediction procedures; whereas, the KO system combines computational analysis with manual curations. While this reported study was potentially subject to the errors during the genome annotations, it has provided an initial case study of the feasibility of the reported methodology. Additionally, using both gene functional annotation systems has allowed us to take advantage of the high coverage of the COG system (934 organisms are COG-annotated, among which 859 organisms have more than 60% of their genes COG-annotated) and the high accuracy of the KO system, and to derive more consistent hypotheses via comparing the results based on these two different systems.
Methodology for the Association Analysis
Feature Generation
For each organism, we considered two sets of features -one corresponding to the number of genes in each COG/KO group, and the other corresponding to the percentage of genes in each COG/KO group. The dimensionality of the feature vector is 4,668 when COG groups were used, and is 6,053 when KO groups were used. Among the total 2,191,240 COG-annotated genes of all organisms, 84,212 (∼3.8%) genes are assigned into multiple COG groups; and, among the 1,054,525 KEGG-annotated genes of all organisms, 16506 (∼ 1.6%) genes are assigned into multiple KO groups. These genes were counted multiple times during the feature generation.
Wilcoxon Rank-Sum Tests
For every two different conditions of an environmental factor, a non-parametric statistical test, Wilcoxon rank-sum test, was performed for each COG/KO group to examine whether the number of genes (or the percentage of genes) in that group is differentially distributed for the two environmental conditions. A functional group was considered as potentially correlated with the two environmental conditions and was selected for the following prediction test if the p-values of the Wilcoxon rank-sum tests for both the gene numbers and gene percentages are no larger than 0.05. It should be noted that using both gene numbers and gene percentages for selecting COG and KO groups is rather stringent. A COG/KO group will not be selected if (i) the gene percentage pattern is different while the gene number pattern is identical for different environmental conditions, since the difference in the gene percentage pattern is more due to the difference in the genome size; or (ii) the gene number pattern is different while the gene percentage pattern is identical for different environmental conditions, since it has been shown that the gene content of certain functional categories (e.g., translation, transcription, DNA replication, recombination and repair, and nucleotide transport and metabolism) is correlated with and may consequently be proportional to the genome size [6] . Therefore, the selected COG and KO groups may only represent part of the cellular machinery that underlines the difference between organisms of different environmental conditions.
Prediction Tests
To a certain degree, the significance of the correlation relationships between certain environmental conditions and the functional groups selected via the Wilcoxon rank-sum tests can be reflected by the pvalues. On the other hand, if the environmental condition of an organism is predictable based on the gene distributions in the selected functional categories, such correlation relationships between environmental conditions and genes can be further justified.
A simple k-nearest neighbor (with k = 3) classifier was used to predict the environmental condition of an organism based on its gene distributions in the selected functional categories. The reason to choose the k-nearest neighbor classifier mainly lies in that (i) it does not impose any prior assumptions on the distribution of feature vectors, and (ii) it does not require any complicated procedure for parameter estimation. Both factors were important for this study, because for certain environmental conditions (e.g., psychrophilic vs. thermophilic) there were not sufficient instances (organisms) to reliably estimate parameters for models that may involve tens or hundreds of selected functional groups.
A 10-fold cross validation procedure was employed to estimate the classification error rate. Given two different environmental conditions, the corresponding ensembles of organisms were each randomly divided into 10 folds. One fold of organisms from each ensemble was in turn used for testing and estimating the misclassification rate, and the other folds of organisms were used for building the classifier. For each 10-fold cross validation experiment, the misclassification rate (MCR) was estimated by taking the average over the 10 estimates (one for each testing folds). The 10-fold cross validation experiment was repeated for 10,000 times, so that a variety of combinations of organisms can be seen to obtain the distribution profile of the MCR estimate.
The MCR estimates were benchmarked against the MCR rendered by random guessing. To facilitate such comparisons, we enforced that for each 10-fold cross validation experiment the two ensembles corresponding to the two different environmental conditions contain the same number of organisms, so that the MCR by random guessing is 50% for binary classifications. Specifically, if the number of organisms are different for two environmental conditions (e.g., aerobic vs. anaerobic), then for each 10-fold cross validation experiment, we would randomly select from the larger ensemble a subset of organisms so that the subset and the smaller ensemble are of equal size. The 10,000 repetitions of the 10-fold cross validation experiment allowed that various combinations of organisms covering the entire larger ensemble were seen during the experiments, so that the MCR estimates were unbiased towards any particular sub-group of organisms.
Results and Discussion
For every two different conditions of an environmental factor, the COG and KO groups of which the gene distribution patterns are statistically different were selected through the Wilcoxon rank-sum tests; and, the MCR statistics for predicting the environmental conditions of an organism based on the gene numbers (or gene percentages) of the selected functional groups were also obtained. These results are summarized in Tables S-1 ∼ S-4 of the supplementary material. Here we focus on two environmental factors -oxygen requirement and habitat, because there are sufficient numbers of complete organisms under different conditions of these two factors to render statistically significant observations.
In particular, we were interested in the functional roles of the selected COG and KO groups, and therefore used the COG general categories [12, 14] and KEGG pathways [13, 15] as the reference system (see Table S and the threshold was set as 1.0. The threshold for the percentage of selected COG/KO groups was set as 5% for the 25 COG general categories, and 1% for the 274 KEGG pathways. We were also interested in how well the prediction of an organism's environmental conditions based on the gene distributions (numbers or percentages) in the selected COG/KO groups could be, especially in comparisons with the random guessing.
Oxygen Requirement
We here focus on the pair-wise comparisons of three oxygen requirement conditions -aerobic, anaerobic and facultative, as each of these conditions covers hundreds of complete organisms (see Table 1 ). The difference between aerobic, anaerobic and facultative organisms is mainly about the respiration process, i.e., how biochemical energy is converted from nutrients to ATP and what serves as the electron acceptors. Nutrients may include carbohydrates, amino acids, fatty acids, and certain inorganic molecules (e.g., hydrogen, carbon monoxide, ammonia, nitrite, sulfur, sulfide, ferrous iron); and, electrical acceptors may be oxygen, nitrate, metal ions, sulfate, carbon dioxide, etc. Aerobic organisms are those that survive and grow in an oxygenated environment and use oxygen as the electron acceptor; anaerobic organisms are those that grow in the absence of oxygen and utilize alternative electron acceptors; and facultative organism are those that make ATP by aerobic respiration if oxygen is present but are also capable of switching to anaerobic respiration. Though sharing the initial pathway of glycolysis, the aerobic respiration generates more ATP than the anaerobic respiration because the former process continues with the Krebs cycle and oxidative phosphorylation. Therefore, aerobic and facultative organisms are more advantages than anaerobic organisms from the energetical point of view [17] . However, because of the potential exposure to high levels of oxidative stress, aerobic and facultative organisms have also evolved sophisticated mechanisms to protect against the possible destructive effects of reactive oxygen species on proteins, lipids and DNA [18] . Based on these differences, we were expecting that genes related to transport and metabolism of carbohydrates, amino acids, fatty acids, and certain inorganic molecules, and genes related to the defense mechanisms and genetic responses to oxidative stress are differentially distributed for aerobic, anaerobic and facultative organisms.
Pair-wise comparisons of organisms under these three different conditions resulted in 498 COG and 219 KO groups of which gene distributions are statistically different for aerobic vs. anaerobic conditions, 648 COG and 360 KO groups of which gene distributions are statistically different for aerobic vs. facultative conditions, and 532 COG and 228 KO groups of which gene distributions are statistically different for anaerobic vs. facultative conditions. The functional roles that are potentially associated with these different oxygen requirement conditions were identified by mapping these selected COG/KO groups to the COG general categories and KEGG pathways, and are summarized as in Tables 2-4 (Table S-3 of the supplementary material contains a complete list of the selected COG and KO groups). Observe that the COG general categories that were consistently determined as relevant to certain oxygen requirement conditions include energy production and conversion (C), amino acid transport and metabolism (E), carbohydrate transport and metabolism (G), transcription (K), and inorganic ion transport and metabolism (P). Similarly, the KEGG pathways that were consistently determined as relevant to certain oxygen requirement conditions include amino acid metabolism [ko00270 (cysteine and methionine metabolism), ko00280 (valine, leucine and isoleucine degradation), ko00290 (valine, leucine and isoleucine biosynthesis) and ko00330 (arginine and proline metabolism)], carbohydrate metabolism [ko00010 (glycolysis/gluconeogenesis), ko00020 (TCA cycle), ko00500 (starch and sucrose metabolism), ko00520 (amino sugar and nucleotide sugar metabolism), ko00620 (pyruvate metabolism) and ko00650 ( (cheA), K03408 (chew), K03412 (cheB), K03415 (cheV), and K05874 (tsr)] are among the KO groups that were selected for the aerobic vs. facultative and anaerobic vs. facultative comparisons but not for the aerobic vs. anaerobic comparison, which is consistent with that facultative organisms are capable of more sophisticated mechanisms of oxygen sensing and aerotaxis than aerobic or anaerobic organisms [19] . Though hundreds of COG and KO groups were detected to be statistically significantly different between organisms under different oxygen requirement conditions, it was still non-trivial to predict an organism's oxygen requirement condition based on its gene numbers/ percentages in the selected COG/KO groups. Fig. 1 shows the distributions of the first two principal components after the principal component analysis was performed on the gene numbers in various selected COG groups for the aerobic and anaerobic organisms. These two principal components together can account for 66.1% of the total variance of the gene numbers of all aerobic and anaerobic organisms. The histograms of these two principal components ( Fig. 1(a) and Fig. 1(b) ) clearly show that the distribution patterns are different for the two oxygen requirement conditions; however, based on the 2-D display of these two principal components (Fig. 1(c)-(e) ), aerobic and anaerobic organisms are intermingled, and there is hardly a discriminant function (curve) that can yield a clear (with zero error rate) distinction between the two oxygen requirement conditions. Similar observations can be made for the gene numbers/percentages in the selected COG and KO groups for all pair-wise comparisons of oxygen requirement conditions. Results for predicting the oxygen requirement condition based on the gene numbers/percentages in the selected COG/KO groups using k-nearest neighbor classifiers (k=3) are summarized in Table 5 . Observe that the average MCR is well below 20% for all pair-wise comparisons no matter whether it was based on the COG or KO system or whether it regarded gene numbers or percentages. Considering that the MCR rendered by random guessing is 50% due to that the same number of organisms of different oxygen requirement conditions were used during the prediction tests, we can infer that an organism's oxygen requirement condition is predictable to a certain degree based on the gene distributions in various functional groups. Combining the results from both the Wilcoxon rank-sum tests and the prediction tests, however, we can only infer that the established association relationships are more about a tendency than a decisive relationship.
Organisms that are with the majority (≥ 50%) of the selected COG/ KEGG groups being present but were misclassified for the majority Table 3 Major functional roles represented by the selected COG and KO groups for the comparisons of the aerobic and facultative organisms.
COG General Categories
Number of Selected COG Groups (Fig. 1(c) -(e)). In particular, nine of these organisms, Acidithiobacillus ferrooxidans ATCC 53993 (aerobic), Anaeromyxobacter sp. Fw109-5 (anaerobic), Arcobacter butzleri RM4018 (aerobic), Bordetella petrii DSM 12804 (anaerobic), Chloroflexus aurantiacus J-10-fl (anaerobic), Cronobacter sakazakii ATCC BAA-894 (anaerobic), Methylococcus capsulatus str. Bath (aerobic), Propionibacterium acnes KPA171202 (anaerobic), and Psychromonas ingrahamii 37 (anaerobic), are also misclassified for the majority of the repeats of the prediction experiments when the prediction was based on the gene percentages in the selected COG groups, and gene numbers/percentages in the selected KEGG groups (see Table S -3.1 of the Supplementary Materials). Through literature search, we found evidence that may question the correctness of the oxygen requirement annotations for eight of these organisms at NCBI's Microbial Genome Project Database. For instance, Acidithiobacillus ferrooxidans ATCC 53993, labeled as aerobic, was shown to be able to grow not only on H(2)/O(2) under aerobic conditions but also on H(2)/Fe(3+), H (2)/S(0), or S(0)/Fe(3+) under anaerobic conditions [20] ; Anaeromyxobacter sp. Fw109-, labeled as anaerobic, exhibits both aerobic and anaerobic growth [21] ; Arcobacter butzleri RM4018, labeled as aerobic, is actually a facultative anaerobic strain [22] ; Bordetella petrii DSM 12804, labeled as anaerobic, belongs to the genus Bordetella that are strict aerobes and never perform fermentation [23] ; Chloroflexus aurantiacus J-10-fl, labeled as anaerobic, was recorded as the only facultative aerobic member of the Chlorobiineae [24] ; Cronobacter sakazakii ATCC BAA-894, labeled as anaerobic, was recorded as a facultative anaerobic bacterium capable of both aerobic respiration and fermentation [25] ; Propionibacterium acnes KPA171202, labeled as anaerobic, was shown to be able to live in anaerobic as well as microaerobic conditions [26] ; and, Psychromonas ingrahamii 37, labeled as anaerobic, was recorded as facultatively aerobic capable of both respiratory and fermentative metabolism [27] . These instances, on one hand, reflect some inconsistency between the annotations at the NCBI's Microbial Genome Project Database and the discoveries from the projects that are specific to certain prokaryotic groups. On the other hand, they also suggest the feasibility of "reverse ecology," i.e., to infer the environmental conditions of organisms based on their genomic features [9] .
Habitat
Habitat refers to the basic environments in which the organism is found, and is specified by using five terms -host-associated, aquatic, terrestrial, specialized and multiple. The host-associated are those that are often or obligately associated with host organisms; the aquatic are those that are often or obligately associated with either fresh or seawater environments; the terrestrial are those that are often or obligately associated with a terrestrial environment (e.g., soil); the specialized are those that live in a specialized environment such as marine thermal vents; and the multiple are those that can be found in more than one of the above environments. Studies have shown that organisms of various habitat conditions exhibit different distribution patterns at several genomic/proteomic feature levels. For instance, oligonucleotide usage in non-coding regions varies more for AT-rich and host-associated than for GC-rich and free-living organisms [3] . Transfer of certain classes of eukaryotic genes (e.g., isoleucyltRNA synthetases and ATP/ADP translocases) is most common in parasitic and symbiotic bacteria [5] . Host-associated bacteria usually have a smaller genome size and fewer genes than free-living bacteria [6] , particularly fewer ribosomal RNA genes and fewer transcriptional regulators [7] . And, in terms of metabolic capacities, both the modularity of an organism's metabolic network and the fraction of compounds that must be acquired exogenously are correlated with the habitat variability [9, 10] .
We here focus on three habitat conditions -host-associated, aquatic, and terrestrial, since these three terms each are defined unambiguously and cover at least 50 organisms. We first examined the total number of genes of each organism. The histograms of the number of genes per organism for host-associated, aquatic and terrestrial organisms are shown as in Fig. 2 . Both visual examination of Fig. 2 and Kruskal-Wallis test indicated that the gene number per organism is distributed differently for these three different habitat conditions. The median number of genes per organism is 2,036 for the host-associated, 3,058 for the aquatic, and 4,588 for the terrestrial, respectively. Note that among the three different habitats, the host-associated environments are most constant, the aquatic environments are less protected and exhibit higher species heterogeneity than the host-associated environments, and the terrestrial environments are most variable [10] . We may therefore infer that the number of genes per organism is correlated with the habitat conditions, and organisms living in more variable conditions tend to contain more genes in the genome. This observation is consistent with the hypothesis raised in [6] that species with larger genome size are more ecologically successful in environments where resources are scarce but diverse (e.g., terrestrial environments). The aquatic, host-associated and terrestrial environments each provide different sources of nutrients, which may impact the central metabolic machinery of organisms living under these habitat conditions. For instance, host-associated organisms have preferentially lost genes related to the biosynthesis of the compounds that can be easily taken up from the host [6] ; for organisms in the ocean, transporters for organic osmolites and sodium ion exporters are enriched; and, for organisms in the soil with high concentration of potassium, genes related to potassium channeling are likely to be enriched [11] . Observe Table 6 for the COG and KO groups that were selected for all the pair-wise comparisons between aquatic, host-associated and terrestrial organisms, we can see that various aspects of the central metabolism machinery, including energy metabolism, as well as transport and metabolism of amino acids, nucleotides, carbohydrates, lipids, and secondary metabolites, are among the general functional categories that exhibit different gene distribution patterns for organisms of different habitat conditions. Additionally, the hostassociated, aquatic and terrestrial habitats represent environments of different variability, with the host-associated being the most constant and the terrestrial being the most variable. The environmental variability has been hypothesized to be correlated with the transcription factors. Under constant conditions, genes are either deleted, or constitutively expressed and do not require transcription control; hence, genes for transcription factors tend to be lost from the genome [28] . Observe Table 6 that some of the selected COG and KO groups are involved in transcription and signal transduction, which further supports the hypothesis regarding the correlation between the environmental variability and the transcriptional machinery. And finally, host-associated organisms tend to have slower growth rates than free-living organisms, so that they can be better synchronized with their hosts to avoid detrimental virulence [7] . Observe Table 6 that some of the selected COG and KO groups are directly related to bacterial growth, including replication, recombination and repair, cell cycle control, and cell wall/membrane biogenesis, which supports the hypothesis regarding the correlation between the habitat and the growth rate.
Experimental results for predicting organisms' habitat conditions based on the gene numbers/percentages in the selected COG/KO groups are summarized in Table 7 . Whether it was based on gene numbers or gene percentages of the selected COG/KO groups, the misclassification rates for all the three binary classification problems -aquatic vs. hostassociated, aquatic vs. terrestrial, and host-associated vs. terrestrial -are around 20%. Though much better than the 50% misclassification rate rendered by random guessing, the ∼20% misclassification rate indicates that various genomic features (e.g., genome size, gene distributions in certain functional groups) are only correlated with but cannot precisely define habitat conditions. That is, the environmental characterization of an organism can provide some extra information that cannot be directly read from the genome, and therefore should be incorporated with the genome to provide a more comprehensive portrait of the organism.
Taxonomic Redundancy
The 939 complete prokaryotic genomes represent 629 species and 333 genera, respectively. To determine how genomes of close taxonomic lineages affect the reported association analysis, we have also repeated the above statistical and prediction tests by only considering an arbitrary genome out of all the genomes belonging to the same taxonomic lineage (species or genus) and of the same environmental condition. The results for this taxonomic redundancyremoved study are summarized in Table S-5 of the Supplementary Materials, including the number of the selected gene groups, the number of the selected gene groups common to the statistical analyses before and after the taxonomic redundancy being removed, the Jaccard's coefficient [29] between the selected gene groups rendered by the Table 5 Average and standard deviation (STD) of the misclassification rate for predicting the oxygen requirement condition of an organism based on its gene numbers/percentages in the selected COG/KO groups. The average and standard deviation were estimated through the 10,000 repeats of the 10-fold cross-validation experiments. Fig. 2 . Histograms of the number of genes per organism for host-associated, aquatic and terrestrial organisms.
statistical analyses before and after the taxonomic redundancy being removed, and the misclassification rate statistics when the prediction was performed by using the common selected gene groups. Here we still focus on three oxygen requirement conditions -aerobic, facultative and anaerobic, and three habitat conditions -aquatic, host-associated and terrestrial (See Table 8 ).
There certainly exists overlap between the sets of selected gene groups before and after the taxonomic redundancy was removed. For example, when the species-level redundancy was removed, the COG groups that were consistently selected for the pair-wise comparisons between the aerobic, anaerobic and facultative conditions mainly fall into the COG categories C (energy production and conversion), E (amino acid transport and metabolism), G (carbohydrate transport and metabolism), K (transcription) and P (inorganic ion transport and metabolism); COG0789, COG2207 and COG0583 were selected for the aerobic vs. anaerobic and facultative vs. anaerobic comparison but not for the aerobic vs. facultative comparisons; and, certain chemotaxis/ motility related genes (e.g., K02387, K02412, and K02667) were selected for the aerobic vs. facultative and anaerobic vs. facultative comparisons but not for the aerobic vs. anaerobic comparison. All these observations, though anecdotal, are consistent with the statistical analysis results before the taxonomic redundancy was removed (see Part I of the Results and Discussion section).
We use A to denote the set of the gene groups that were selected when all strains were included, and B species (B genus ) to denote the set of gene groups that were selected when only one strain per species (genus) was included. The intersection, A∩B, can be interpreted as to contain the gene groups that were not affected by the taxonomic redundancy; the difference, A-A∩B, can be interpreted as to contain the gene groups that were inflated by strains of the same taxonomic lineage; and the difference, B-A∩B, can be interpreted as to contain the gene groups that were masked by the strains of the same taxonomic lineage. The degrees of inflation and masking, which are measured by the ratio of the number of inflated gene groups to the number of unaffected gene groups and the ratio of the number of masked gene groups to the number of unaffected gene groups, respectively, are different for different pair-wise comparisons of environmental conditions. For example, the inflation ratios for the aerobic vs. anaerobic comparisons are the lowest, and the masking ratios for the anaerobic vs. facultative comparisons are the lowest among all pair-wise comparisons of oxygen requirement conditions. This difference is likely due to the different degrees of taxonomic redundancy for different environmental conditions. When comparing the results for the genus-level redundancy being removed against the results for the species-level redundancy being removed, we have noticed that the number of inflated gene groups tends to be larger, and the number of masked gene groups tends to be smaller for the former scenario. These observations may indicate that the presence of multiple genomes of close taxonomic lineages in the data repertoire indeed affected our statistical analysis. However, it is also interesting to note that the results of the prediction tests were similar before and after the taxonomic redundancy was removed, suggesting that there may exist certain gene groups whose correlation relationships with environmental conditions are independent of the taxonomy of the genomes and whose presence/frequency in the genomes is the major contributor to the prediction tests. However, it remains arguable whether the taxonomic redundancy in the current data repertoire represents artifacts (e.g., uneven investigations of taxonomic groups in certain environments) or phenomena in nature (e.g., a taxonomic group has different preferences to different environmental conditions). For the former case, the bias caused by artifacts may be corrected via genome re-sampling during the analyses; whereas, for the latter case, multi-way association analyses (e.g, N-way ANOVA) may be required to determine the interactions between the environment, the taxonomic origins, and the genome compositions. We feel the multi-way association analyses are beyond the scope of the reported study, and therefore leave them for our future investigations.
Summary
The functional and physiological status of prokaryotic organisms, as well as their evolution, is subject to the variation of the environments. In this study, we utilized NCBI's complete prokaryotic genomes and their environmental descriptions to investigate whether a genome's gene distributions in various functional groups are correlated with its living environments. We first identified via statistical tests the COG and KO groups of which the gene numbers and gene percentages exhibit different distribution patterns for organisms of different environmental conditions. In particular we focused on comparisons of organisms in different oxygen requirement and habitat conditions. By mapping the selected COG and KO groups to the COG general categories and KEGG pathways, we were able to infer which part of the functional machinery is correlated with environmental conditions. For instance, in addition to various aspects of the central metabolism machinery that were shown relevant to oxygen requirement and habitat conditions, transcription regulators in response to oxidative stress were selected for the comparisons between anaerobic and other organisms; aerotaxis, chemotaxis and flagellar genes were selected for the comparisons between facultative and other organisms; and, the total number of genes as well as genes involved in transcription, signal transduction and cell growth were consistently selected for comparisons of different habitat conditions. These observations are in general consistent with existing studies on properties of organisms living in different environmental conditions. Based on the gene distributions in the selected COG/KO groups, we then examined whether an organism's environmental descriptions in terms of salinity, oxygen requirement, habitat and temperature range are predictable. The misclassification rates of the prediction experiments were much smaller than that rendered by random guessing, indicating the existence of the correlation relationships between organisms' environmental conditions and gene distributions in certain functional groups. However, the rather moderate misclassification rates [the 25-and 75-percentiles of the misclassification rates for the binary classifications of all environmental conditions are 16.79% and 24.06%, respectively (see Supplementary Materials)] also indicate that the correlation relationships between environmental conditions and gene distributions in certain functional groups are not strong enough for one to decisively define the other.
Besides gene distributions in various functional categories, studies have shown that environmental conditions may also affect other genomic features, e.g., genome size, GC content, synonymous codon usage, and topological properties of metabolic networks. Though the genome size information has already been implicitly incorporated (i.e., gene percentages) in this study, we will in our future study investigate whether more explicit incorporation of additional genomic features can yield even stronger correlation relationships with as well as more accurate prediction of the environmental properties. Meanwhile, it is also desirable to distinguish environmental and phylogenetic impacts on the genomic and proteomic features. Efforts have been attempted to comparing genomes of the same phylogenetic lineage but living in different environments, such as comparing the Prochlorocuccus strains isolated from different ocean depths [30] . Alternatively, N-way ANOVA can be performed to determine whether a particular genomic/proteomic feature is simultaneously correlated with multiple factors [10] . In our future study, we will also investigate whether the genomic features are also correlated with phylogenetic origins and whether phylogenetic origins and environmental conditions are coupled when being correlated with the genomic features. Finally, as mentioned earlier, the correlation relationships between the environmental conditions and the gene distributions in various functional groups are present but not strong enough to precisely characterize an organism's environmental profile using its genomic features. This lack of strong correlation relationships may partially be caused by artificial factors such as the system to characterize environmental conditions. The current system is based on categorical terms, and part of it (e.g., for salinity and temperature characterizations) is defined arbitrarily and lacks coherence. A comprehensive and unambiguous system for describing environmental conditions, like the efforts towards the environment ontology [2, 31] and Habitat-Lite [1] , may help to better determine the relationships between the genomic/proteomic features of organisms and their living environments. Particularly, Habitat-Lite has been applied in DOE Joint Genome Institute's IMG/M Database (http://img.jgi.doe.gov/cgibin/pub/main.cgi) to characterize metagenomes. Therefore, the third direction of our future study will be to investigate whether the ontology-based environmental descriptions are more applicable and can lead to better determination of the relationships between environments and genomic features of prokaryotic genomes.
